Enterotoxigenic Escherichia coli (ETEC) strains expressing K88 (F4) fimbriae are the major cause of diarrhea in young pigs. Three antigenic variants of K88 fimbriae (K88ab, K88ac, and K88ad) have been identified among porcine ETEC strains. Each K88 fimbrial variant shows a unique pattern in binding to different receptors on porcine enterocytes. Such variant specificity in fimbrial binding is believed to be controlled by the major subunit (FaeG) of the K88 fimbriae, because the genes coding for the only other fimbrial subunit are identical among the three variants. Uniqueness in binding to host receptors may be responsible for differences in the virulence levels of porcine diarrhea disease caused by K88 ETEC strains. To better understand the relationships between the structure of FaeG proteins and fimbrial binding function, and perhaps virulence in disease, we constructed and expressed various K88ac/K88ad faeG gene chimeras and characterized the binding activity of each K88 chimeric fimbria. After verifying biosynthesis of the chimeric fimbriae, we examined their binding specificities in bacterial adherence assays by using porcine brush border vesicles that are specific to either the K88ac or K88ad fimbria. Results showed that each fimbria switched binding specificity to that of the reciprocal type when a peptide comprising amino acids 125 to 163 was exchanged with that of its counterpart. Substitutions of a single amino acid within this region negatively affected the binding capacity of each fimbria. These data indicate that the peptide including amino acids 125 to 163 of the FaeG subunit is essential for K88 variant-specific binding.
Enterotoxigenic Escherichia coli (ETEC) strains are a major cause of diarrheal disease in humans and farming animals (37, 40, 41, 47, 50) . The key virulence factors of ETEC in diarrhea include (i) bacterial adhesins or colonization factor antigens that mediate bacterial attachment to host enterocytes and initiate E. coli colonization and (ii) enterotoxins, which disrupt fluid homeostasis in the host small intestines and cause fluid hyper-secretion that results in diarrhea. For pigs, ETEC strains expressing K88 fimbriae are responsible for much of the neonatal, and a majority of the postweaning, diarrheal infections (11, 14, 24, 34, 49, 51) . Three antigenic variants of K88 fimbriae have been identified in porcine ETEC strains: K88ab, K88ac, and K88ad (15, 23, 33) . These three K88 fimbrial variants differ in hemagglutination and porcine enterocyte binding activities, which suggests that they have binding specificities to different host receptors (2, 5) . K88ac fimbrial ETEC strains are by far most commonly associated with clinical diarrheal disease in young pigs (18, 48, 49) and are the only K88 ϩ ETEC variant associated with porcine diarrheal disease in the United States (48) .
Young pigs are classified as one of six K88-adhesive phenotypes, based on the patterns of binding of their enterocyte brush borders to the K88 fimbrial variants. The six phenotypes are type A (whose enterocytes bind E. coli with all three K88 fimbrial variants), type B (which binds K88ab and K88ac), type C (which binds K88ab and K88ad), type D (which binds K88ad only), type E (which is bound by no K88 fimbrial E. coli variants), and type F (which binds K88ab only) (2, 4, 5) . Based on these binding patterns and on cross-blocking activities, three host receptors have been identified and a fourth was suggested (6, 13) . These receptors include high-molecular-weight intestinal mucin-type sialoglycoproteins (IMTGPs), which are recognized by the K88ab and K88ac fimbriae (6, 8, 9) ; an enterocyte membrane-associated transferrin bound only by the K88ab fimbria (21) ; and an intestinal neutral glycosphingolipid (IGLad) receptor that recognizes the K88ad variant (20) . The IMTGP receptors have been found in brush borders from pigs of the A and B phenotypes (6) . Pigs expressing IMTGP receptors develop typical diarrhea after infection with K88ab ϩ and K88ac ϩ ETEC strains (12, 13) . The IGLad receptor is present in intestinal brush borders of phenotypic A and D pigs. However, piglets do not develop clinical disease after being infected with K88ad ϩ ETEC strains (13) . It was reported that the IMTGP and IGLad receptors are substantially different in carbohydrate composition and thereby different in structure (8, 22) . Structural differences in host receptors and the differential ability of the three K88 fimbrial variants in recognizing these structures could result in the binding differences observed among the three K88 fimbrial variants.
The K88 fimbriae are composed of multiple copies of a major subunit (FaeG) and a single copy of a minor subunit (FaeC), encoded by the faeG and faeC genes, respectively (25) . Other genes of the K88 operon, including faeA, faeB, faeD, faeE, faeF, and faeH, could also be involved in fimbrial biosys-thesis (45) , but these genes contribute largely to local regulation, anchorage, transmembrane transport, and modification of the major protein subunit, and they do not affect fimbrial binding activity (19) . The minor subunit FaeC is located at the fimbrial tip (32, 35, 45) and exhibits no difference in deduced amino acid sequences among the three K88 variants (35) . Furthermore, removal of the minor subunit protein does not alter fimbrial binding activity, suggesting that the binding domain of K88 fimbriae resides within the fimbrial major subunit FaeG (3). Therefore, any differences in K88 fimbrial binding specificities must be the result of differences in the FaeG proteins. DNA sequencing of the faeG gene revealed only limited variation among K88 variants: 8% between K88ab and K88ac, 12% between K88ac and K88ad, and 13% between K88ad and K88ab (10, 15, 16, 17, 28) . These differences likely cause protein conformational alteration and thereby differences in fimbrial binding activities among the K88 fimbrial variants and perhaps differences in virulence levels among K88 fimbrial ETEC strains.
It was suggested that the K88 fimbrial binding activities can be determined by constructing fimbrial hybrids and testing their binding patterns (3) . Based on specific agglutination of erythrocytes from various species, Bakker et al. (3) suggested that a peptide including amino acids 128 to 141 of the FaeG protein plays an important role in the binding activities of the K88ac and K88ab variants. However, the K88ac and K88ab variants exhibit similar porcine enterocyte binding specificities, as both fimbriae bind the IMTGP receptors, which are biologically relevant in porcine diarrheal disease (12, 13) . Furthermore, piglets inoculated with K88ac or K88ab ETEC develop indistinguishable clinical disease. In contrast, the K88ad fimbria binds to a different host receptor (IGLad), and the clinical outcome (no diarrhea) from inoculation with K88ad ETEC is much different in pigs. Therefore, it seemed important to investigate differences in binding specificities between the K88ac and K88ad variants, so that we can determine mutations of significance that lead to the binding of fimbrial variants to the IMTGP and IGLad receptors and changed disease outcomes (diarrhea versus no diarrhea). In this study, we constructed various chimeric faeG genes from K88ac and K88ad variants to express chimeric K88 fimbriae and determined variant-specific binding domains. We also made single-amino-acid substitutions and examined the importance of specific amino acids in fimbrial binding activity and specificity.
MATERIALS AND METHODS
Bacterial strains and plasmids. K88ac fimbrial E. coli strain F963 and K88ad fimbrial E. coli strain F291, kindly provided by D. Bakker (Vrije Universiteit, The Netherlands), were used for fimbrial chimera construction. Two plasmids, pDB88-102, expressing the K88ac fimbrial variant, and pBad1, expressing the K88ad fimbrial variant (3), were used as DNA templates for amplifying the faeG gene alleles. Plasmid p8069, a pDB88-102 mutant with an introduction of a SpeI restriction site outside the 3Ј end of the faeG gene, was constructed in our laboratory and was used to clone and express K88ac/K88ad chimeric and mutant faeG genes. To introduce this SpeI site, the whole pDB88-102 plasmid was amplified using the SpeIG-F and SpeIG-R primers (Table 1) in an elongate PCR (elongase amplification system; Invitrogen, Carlsbad, CA), digested with the SpeI restriction enzyme, and ligated back with T4 DNA ligase (Invitrogen). An E. coli K-12 strain, C600 (ATCC 39531), which was made competent by following standard protocols (1), was used as the host cell to express K88 fimbrial chimeras. All constructs were cultured in LB medium supplemented with 50 g/ml ampicillin.
Construction of the K88ac/K88ad chimeric faeG gene. We separately amplified the counterpart regions of the faeG gene from the K88ac and K88ad variants in a PCR using an internal forward primer paired with the SpeIG-R primer and an internal reverse primer paired with the Eco81IG-F primer for the 3Ј and 5Ј ends of the gene, respectively (Table 1) . Then, we overlapped the 5Ј-end and 3Ј-end fragments from two different faeG alleles in a splice overlap extension PCR to construct chimeric faeG genes or faeG genes resulting in single-amino-acid mutations. In detail, we first performed a PCR using the Eco81IG-F primer and an internal reverse primer to amplify the 5Ј end of the faeG gene of one variant, while a second PCR was performed using an internal forward primer paired with the SpeIG-R primer to generate the 3Ј end of the faeG gene from the other variant. Since the internal forward and reverse primers are complementary, the resultant 5Ј end of the faeG gene from one variant and the 3Ј end of the gene from the other variant were jointed for an intact chimeric faeG gene. Thus, the 5Ј end of the K88ac faeG gene was connected to the 3Ј end of the K88ad faeG gene to create a K88ac/K88ad chimeric faeG gene. Similarly, the 5Ј end of the K88ad faeG gene was connected to the 3Ј end of the K88ac faeG gene to produce a K88ad/K88ac chimeric faeG gene. A final PCR, using primers Eco81IG-F and SpeIG-R, amplified the entire chimeric faeG gene to generate sufficient products for subsequent enzyme digestion and cloning. The resultant PCR products were separated by 1% agarose (FMC Bioproducts, Rockland, MA) gel electrophoresis and purified using a QIAquick gel extraction kit by following the manufacturer's instructions (Qiagen, Valencia, CA).
To mutate a single amino acid of the FaeG subunit of the K88ac and K88ad fimbriae, we first amplified the 5Ј end of the faeG gene in a PCR using the Eco81I-F primer and a mutant reverse primer and the 3Ј end of the same faeG c D133F is a forward primer used to mutate the 133th amino acid of K88ad FaeG.
gene in another PCR with a mutant forward primer (complementary to the mutant reverse primer; Table 1 ) and the SpeI-R primer. We then overlapped the 5Ј and 3Ј ends of the faeG gene in a splice overlap extension PCR to generate a chimeric faeG gene with a single-amino-acid mutation.
Construction of strains expressing chimeric or single-amino-acid-mutated FaeG major subunits. The amplified K88ac/K88ad chimeric and single-aminoacid-mutated faeG gene products were digested with restriction enzymes MunI and SpeI in a double-digestion reaction. Plasmid p8069 was also digested with the same enzymes to remove its native faeG gene. Digested inserts of the chimeric faeG gene or an faeG gene resulting in a single-amino-acid substitution were ligated into the faeG-truncated p8069 vector with T4 ligase (Invitrogen). Two microliters of T4-ligated products were introduced into the K-12:C600 competent cells by electroporation. Positive colonies were screened by PCR initially and then sequenced to ensure that the cloned genes were inserted in the reading frame.
Preparation of the FaeG major subunit protein. Each chimeric or mutant strain was grown in 50 ml of LB medium overnight at 37°C in the presence of ampicillin (50 g/ml). The overnight-grown culture was centrifuged at 3,000 ϫ g for 20 min, and pellets were collected for total protein preparation using bacterial protein extraction reagent (in phosphate buffer) (Pierce, Rockford, IL).
Western blotting to detect the FaeG protein. Twenty microliters of prepared total proteins was used for detection of the FaeG subunit in a standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot assay (36, 42, 44) . Transferred membrane blottings were blocked with 2% bovine serum albumin (BSA) overnight at 4°C and then incubated with a mixture of hybridoma supernatants of several anti-K88ac and anti-K88ad monoclonal antibodies (MAbs) ( (30, 39) . Multiple anti-K88ac and anti-K88ad MAbs were used to ensure that all chimeric FaeG proteins would be recognized by the antibody. After three washes, the membrane was incubated with horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) (Sigma, St. Louis, MO) at a dilution of 1:5,000 for 1 h. After a final round of washes, peroxidase bound to FaeG proteins on the membrane was detected with a SuperSignal West Pico chemiluminescent-substrate kit (Pierce).
Immunolabeling and TEM. Overnight-grown (on agar plates) bacteria were harvested, washed, and resuspended in phosphate-buffered saline (PBS). A 200-mesh copper grid (EMS, Hatfield, PA) was incubated with each bacterial suspension by floating a grid on the top of a drop of diluted bacterial suspension (10 7 CFU/ml) for 30 to 60 min. Each bacterium-coated grid was separately rinsed in PBS (with 2% BSA and 0.05% Tween 20) three times and then individually incubated with a mixture of hybridoma supernatants of MAbs, namely, 36/41 (K88ac), 30/17 (K88ac), 17/44 (K88ac and K88ad), 99/150 (K88ad), and 221/38 (K88ac and K88ad) (30, 39) , for 30 min. After three washes with PBS (with 2% BSA and 0.05% Tween 20) and another three washes with PBS, each grid was separately incubated with gold-conjugated (20 nm) goat-anti-mouse IgG for 30 min. Bacteria on grids were fixed with 2.5% glutaraldehyde (in 0.1 M sodium cacodylate buffer, pH 7.4) (EMS) for three min, rinsed in distilled water, which was followed by negative staining using 2% phosphor tungsten acid, and air dried. Transmission electron microscopy (TEM) was performed using a JOEL-1210 electron microscope (Joel Ltd., Arishima, Japan), and immunolabeling images were examined at ϫ30,000 magnifications.
Porcine brush border bacterial adherence assay. Porcine ileum and jejunum small intestine samples were collected to prepare K88ac or K88ad receptorpositive brush border vesicles as described previously (2, 7, 38) . Prepared porcine brush borders were verified for their specificity using the eight E. coli strains which have routinely been used for phenotyping: K-12 (a K88-negative control strain that does not bind to any of the K88 fimbriae), G58-1 (another negative control), K-12 K88ab, K-12 K88ac, K-12 K88ad, 3030-2 (K88ac), 263(K88ab), and Morris (K88ad) (2) . Brush borders bound by K88ac and K88ab fimbriae, but not by K88ad fimbriae (the B phenotype) or only by K88ad fimbriae (the D phenotype), were used to determine the binding specificity of the constructed fimbriae.
Each E. coli construct of the recombinant controls 8189 (K88ac, from transformation of K-12:C600 with the pDB88-102 plasmid) and 8190 (K88ad, from transformation of K-12:C600 with the pBad1 plasmid) and all chimeric and single-amino-acid-mutated fimbrial strains were blindly tested for their adherence to B-and D-phenotype brush borders as described previously (2, 38) . The number of bacteria bound to a single brush border vesicle was recorded, and 20 randomly selected brush borders were counted for each bacterial strain. Constructed strains that bound to the B-phenotype brush borders but not the Dphenotype brush borders were defined as having a K88ac fimbrial binding specificity. Those strains that bound to the D-phenotype brush borders only were defined as having a K88ad fimbrial binding specificity. Assessment of the binding of each construct to porcine brush borders was examined at ϫ400 using an Olympus AX70 phase-contrast microscope equipped with an Olympus DP70 digital camera.
Statistical analysis. Bacteria that express chimeric or single-amino-acid-mutated FaeG bound to the B and D brush borders were analyzed by the mixed procedure (SAS for Windows, version 8; SAS Institute, Cary, NC), and Student's t test was used for comparison of the different constructs. P values were calculated to measure significances in differences.
RESULTS
A total of 25 strains, including 1 recombinant K88ac strain, 1 recombinant K88ad strain, 14 strains expressing chimeric K88ac/K88ad faeG genes, and 9 single-amino-acid-mutated strains, were constructed in this study (Fig. 1) . All recombinant, chimeric, and single-amino-acid-mutated fimbriae were expressed in E. coli K-12:C600 cells. Porcine brush border adherence assays indicated that K88ac fimbriae from plasmid p8069 (a pDB88-102 mutant with a SpeI site), when expressed in K-12:C600 cells, bound brush borders at a level similar to that of the diarrheagenic ETEC strain 3030-2 (157:K88, heatlabile enterotoxin, heat-stabile enterotoxin b). All constructed strains were verified for expression of the FaeG protein and biosynthesis of the K88 fimbriae and then were examined for binding specificity to the B (K88ac-specific) and D (K88ad-specific) brush borders.
Constructed strains express chimeric FaeG proteins. To map the domain that determines binding specificity for the K88ac and K88ad fimbriae, we started by constructing the chimeric faeG genes that composed one half of the K88ac gene and the other half of the K88ad faeG gene. Resultant chimeric gene products were used to examine whether the specific binding domain is located at the N or C terminus of the FaeG protein. If this binding specificity domain was found to be located at the C terminus, then a shorter segment at the 3Ј end of the gene was to be used next in chimeric gene construction, so that we would be able to further narrow down the gene segment that encoded the domain for binding specificity. ). Furthermore, we substituted nucleotides of the faeG gene to obtain single-amino-acid mutations and constructed strains 8212 (K88ac-V133A; valine of K88ac at position 133 was replaced with alanine of K88ad), 8205 (K88ac-N152E), 8204 (K88ac-L154S), 8203 (K88ac-S155H), 8206 (K88ad-A133V), 8208 (K88ad-M147L), 8209 (K88ad-E152N), 8210 (K88ad-S154L), and 8211 (K88ad-H155S) (Fig. 1) .
Total proteins purified using bacterial protein extraction reagent (in phosphate buffer) were separated with SDS-PAGE, and the FaeG proteins from each constructed strain were tested and found to be recognized by a mixture of anti-K88ac and anti-K88ad MAbs: 36/41 (K88ac), 30/17 (K88ac), 17/44 (K88ac and K88ad), 99/150 (K88ad), 221/38 (K88ac and K88ad) (Fig. 2, examples of data shown) . These MAbs have not been characterized fully for their FaeG epitope specificity. Utilization of multiple MAbs likely contributed to the lack of uniformity in band density shown on the immunoblots. Nevertheless, a detection of the 27-and 28-kDa bands which correspond to the FaeG protein indicated unambiguously that the FaeG proteins were expressed in all constructed strains.
Biosynthesis of K88 fimbriae in constructed strains was confirmed by immunomicroscopy. To ensure that the chimeric K88 fimbriae were displayed on the bacterial cell surfaces of each construct, we labeled the bacteria with pooled antiK88ac/K88ad MAbs and gold particles conjugated with IgG for TEM examination. MAb 221/38 (which recognizes both K88ac and K88ad) was first used for labeling, but this antibody showed low affinity under the conditions of this study. Therefore, we used a mixture of the 36/41(K88ac), 30/17 (K88ac), , were prepared and examined. However, results from adherence assays showed that peptides exchanged within the identified segment including amino acids 125 to 163 negatively affected binding activity for both the K88ac and K88ad fimbriae (Fig. 1) .
When we substituted individual amino acids within the identified variant-specific binding domain of the K88ac and K88ad FaeG proteins, we found that several constructs showed diminished or abrogated receptor recognition, but none switched binding specificity (Fig. 1) . With a replacement of the amino acid valine with alanine at position 133, the K88ac fimbria (strain 8212) maintained its binding to the B brush borders (9 Ϯ 7.5 bacteria bound to each B brush border). However, when any of the amino acids at position 152, 154, or 155 was replaced, the K88ac fimbria lost its binding to the B brush borders (1 Ϯ 1.1, 2 Ϯ 3.1, of 0 to 2 bacteria, respectively, bound to each B brush border) and did not convert its binding to the D brush borders (P ϭ 0.01). In contrast to the K88ac fimbria, the K88ad fimbria retained its specific binding to the D brush borders after the amino acid at position 133, 147, 154, or 155 was replaced with that of the K88ac FaeG (6.2 Ϯ 4.4, 9.5 Ϯ 7.8, 10 Ϯ 7.8, and 9.3 Ϯ 8.6 bacteria of 8206, 8208, 8210, and 8211 bound to each D brush border, respectively). However, when we replaced amino acid 152, both K88ac and K88ad fimbriae lost their binding, suggesting that amino acid 152 plays an important role in the fimbrial binding for both K88ac and K88ad (P Ͻ 0.01 and P ϭ 0.01, respectively).
DISCUSSION
Results from this study indicate that the K88ac fimbria lost recognition of variant-specific B brush borders after the peptide including amino acids 125 to 163 of its FaeG protein was replaced. With the replacement with the amino acids from the K88ad FaeG, the resultant chimera switched its binding to the K88ad-specific D brush borders that possess the IGLad receptor. The number of bacteria bound to each D brush border from the resultant strain, 8199, was not significant for the K88ad strain 8190 (P ϭ 0.60) but was significantly different for the K88ac strain 8189 (P Ͻ 0.01). Switches of peptides after the 163rd amino acid did not change the binding specificity for either the K88ac or the K88ad fimbria. However, replacement of the peptide including amino acids 125 to 137 resulted in a reduction in binding activities, suggesting that amino acids 125 to 137 are involved in variant binding specificity. Both K88ac and K88ad fimbriae maintained their binding specificity as long as the segment encoding the 39 amino acids (125 to 163) was retained. These findings indicate that amino acids 125 to 163 play a critical role in variant binding specificity. It could also suggest that evolution of the faeG gene at this region plays a very important role in host adaptation by enterotoxigenic K88 ϩ E. coli. It was noticed that construct 8200 (d/c/d-124/163) showed a reduction in the number of bacteria bound to each B brush border (5.2 Ϯ 2.5) and differed from K88ac strain 8189 (P ϭ 0.01). However, an average of 5.2 bacteria of construct 8200 bound to each B brush border is considered a positive binding practically. A positive binding is typically defined as having a majority of brush borders binding two or more bacteria.
Peptides including amino acids 125 to 163 or the adjacent residues had been suggested to play an important role in the fimbrial binding capacity and antigenicity of the K88 fimbria (3, 4, 26, 27, 29, 31, 43) . Two peptides, 140-Thr-Ser-Ala-Asp-GlyGlu-145 and 151-Ala-Asp-Gly-Leu-Arg-Ala-156, were predicted as antigenic determinants for the K88ab fimbria (29) , whereas a peptide comprising amino acids 147 to 160 was identified as a linear epitope for the K88ac fimbria (43) . Two tripeptides in the same region, 148-Ser-Leu-Phe-150 and 156-Ala-Ile-Phe-158, were reported to inhibit K88ab fimbrial hemagglutinating activity and adherence to the intestinal epithelial cell brush borders (27) . It was observed that the region including amino acids 128 to 141 was important for K88ab and K88ac fimbrial hemagglutinating activity, as the K88ab fimbria showed severely weakened binding to chicken erythrocytes after a replacement of its amino acids 128 to 141 with those from the K88ac FaeG protein (3). However, a lack of restriction sites at this region limited their efforts to further localize the peptide that plays an important role in binding. Moreover, use of erythrocytes from different animals to examine hemagglutinating activity or conducting only antibody recognition studies substantially limited the investigators' ability to assess adhesion behavior with regard to biologically relevant receptors. Nevertheless, these early studies suggested that the central region of FaeG is important in K88 fimbrial binding activity.
Amino acid sequence comparison showed that there are only five residues different in the peptide comprising amino acids 125 to 163 in FaeG of K88ac and K88ad. They are amino acids 133, 147, 152, 154, and 155. The leucine at 147 and the serine at 155 were reported to contribute to epitope conformation for the K88ab or K88ac FaeG protein (3). K88ac had a reduction in the capacity to hemagglutinate to the chicken erythrocyte and a loss in its hemagglutination to the porcine erythrocyte, after a switch of amino acid 155 from serine to arginine (3) . Our data support the importance of serine at 155 to the binding capability and specificity of the K88ac fimbria. Our results also suggest that the K88ac fimbria is more sensitive to changes of amino acids in this region, as the number of bacteria bound to B brush borders was significantly reduced after a substitution of a single amino acid at the 152nd, the 154th, or the 155th position. In contrast, the K88ad fimbria is less sensitive to substitution of amino acids in the same region. With a switch of the amino acid at position 133, 147, 154, or 155, the binding capacity or specificity of the K88ad fimbria to the D brush borders was not significantly changed. Structural alteration resulting from a deletion of three amino acids (165 to 167) of the K88ac FaeG protein could contribute to the sensitivity of K88ac toward amino acid changes at this variantspecific binding domain.
Our data suggest that the hypervariable region including amino acids 163 to 173 of FaeG did not play a significant role in binding specificity for the K88ac and K88ad fimbriae. It has been reported that the K88ac and K88ad fimbriae lost their antigen-specific recognition after the peptide from this variable region was replaced with a foreign epitope (4). However, other studies showed that the deletion of the peptide of amino acids 164 to 171 did not affect production of the K88ac fimbria (43) , and a switch of the peptide including amino acids 163 to 174 with that of K88ab had no effect on K88ac binding to erythrocytes (3). Amino acids near the C terminus, especially those in the region including amino acids 208 to 224, were suggested by a number of investigators to be products of genes that encode specific epitopes for K88ab and K88ad (3, 31, 43, 46) . However, our data clearly indicate that the substitution of peptides after amino acid 163 with its counterpart did not change the binding capacity or specificity of K88ac or K88ad (P ϭ 0.11 and P ϭ 0.47, respectively), suggesting that amino acids at the hypervariable region and at the end of the C terminus play little role in the binding specificity of the K88ac and K88ad fimbriae.
The current study shows that the N-terminal region of the FaeG protein does not play an important role in variant-specific binding for K88ac and K88ad. One study indicated that a minimum peptide including amino acids 64 to 107 was needed to produce a MAb that blocked K88ac binding specifically and suggested that the peptide including amino acids 64 to 107 was a variant-specific antigen (39) . In contrast, Bakker et al. reported that neither the K88ac nor K88ab fimbria changed its binding activity to the erythrocyte of several different animals after the first 80 or 128 amino acids at the N terminus were switched (3). Only after the first 140 amino acids were switched did the K88ac or K88ab fimbria start changing its binding activity to the chicken erythrocyte (3). In our study, we observed no alternation in binding specificity for K88ac and K88ad after the first 124 amino acids at the N terminus were switched, indicating that half of the FaeG protein from the N terminus plays little role in variant binding specificity.
K88ac and K88ad fimbrial variants were found to bind to distinctly different receptors. The K88ac fimbria binds to the glycoprotein IMTGP, which is located in cytoplasmic membranes of epithelium cells in the porcine small intestine (8, 9, 12, 13) . The K88ad fimbria recognizes the small glycolipid IGLad, which likely is intimately associated with the cell membrane (20, 21) . The IMTGP receptor has been identified as the biologically relevant receptor in porcine diarrhea disease. In contrast, the IGLad receptor does not appear to offer an advantage to ETEC with regard to enteric disease, as phenotype D gnotobiotic piglets did not become colonized and in most cases failed to develop diarrhea after being inoculated with K88ad ETEC (12) . Since K88ac and K88ad fimbriae are highly homologous, with differences only in the FaeG major subunit, specificity in fimbrial binding to the biologically relevant receptor must be determined by the differences of a small number of amino acids in the FaeG protein. Thus, identification of amino acids in the FaeG protein that cause a switch in receptor recognition and adaptation of binding to a new host by K88 fimbrial E. coli may help us to understand the adaptation of pathogens to hosts. In addition, identification of domains in the FaeG subunit that specifically recognize the receptors may be valuable in developing effective subunit vaccines, because those domains may contain antigenic epitopes critical to production of antibodies that can be used to block bacterial binding. Furthermore, a greater understanding of mutations leading to shifts in receptor recognition among K88 variants may provide a model for studying the adaptability of pathogens to hosts in general, with regard to receptor specificity. Such adaptability is undoubtedly a major factor facilitating the emergence of new pathogens and diseases. The evolution in binding to host-specific receptors from non-enterocyte-colonizing K88ad ETEC to clearly pathogenic K88ac ETEC examined by this study may provide helpful information for further studies to understand the adaptation of microorganisms to altered environmental conditions or new host niches and to perhaps develop prevention strategies against emerging pathogens.
